D-Mannitol has not so far been known as a major product of sugar metabolism by yeasts. Three yeast strains, a newly isolated yeast from soy-sauce mash, Torulopsis versatilis, and T. anomala, were found to be good mannitol producers. Under optimal conditions, the isolate produced mannitol at good yield of 30% of the sugar consumed. Glucose, fructose, mannose, galactose, maltose, glycerol, and xylitol were suitable substrates for mannitol formation. High concentrations of yeast extract, Casamino Acids, NaCl, and KCI in media affected significantly the mannitol yield, whereas high levels of inorganic phosphate did not show any detrimental effect.
In studies on production of D-mannitol (mannitol) by yeasts, Osaki (16) isolated pure mannitol from the fermented saccharose broth of Saccharomyces sake, and Roxburgh et al. (22) and Spencer et al. (25) reported that osmophilic yeasts produced some mannitol from glucose, although major products were D-arabitol and glycerol. In these cases, mannitol was merely a minor product giving a very low yield of 0.1 to 0.5% of sugar used.
On the other hand, the production of mannitol from glucose by Aspergillus has been extensively studied, showing rather good yield of 20 to 50% of sugar consumed (1-3, 17, 18) . Recently, Smiley et al. (23) showed an improved mannitol production process by examining various factors affecting a submerged A. candidus fermentation, and Lee (4) observed carbon balance of mannitol fermentation and the biosynthetic pathway by an Aspergillus species.
We found that a newly isolated yeast produced a large amount of mannitol by aerobic dissimilation of sugars. The present report describes isolation of a new yeast, some of the factors influencing mannitol production, and identification of a product.
MATERIALS AND METHODS
Isolation ofa new yeast. An appropriate dilution of a 12-month-old soy-sauce mash was plated on 15% NaCl maltose-agar medium (5% maltose, 0.1% KH2PO4, 0.05% MgSO4.7H20, 0.01% CaCl2.2H20, 0.01% NaCl, 0.4% Vitamin Free Casamino Acids (Difco), 0.1% Yeast Extract (Difco), and 2% agar).
Subculture purification of colonies was effected by subculturing on koji-agar, followed by selection of single colonies. The stock culture was transferred on koji-agar every 2 to 3 weeks.
Yeast strains exanined. A total of 45 yeast strains were screened for their ability to produce mannitol. Media. The composition of the standard medium routinely used for fermentation was as follows: 10% glucose, 0.1% KH2PO4, 0.05% MgSO4.7H20, 0.01% CaCl2-2H20, 0.01% NaCl, 0.4% Vitamin Free Casamino Acids, and 0.1% Yeast Extract, pH 5.0. Some changes in the medium were also made and departures from the medium were noted in text or tables.
Fermentation conditions. For the screening test, one loop of yeast from a 5-day koji-agar slant culture was inoculated into large test tubes, each containing 8 ml of the sterilized standard medium. The tubes were shaken on a reciprocal shaker operating at 300 rev/ min with a stroke of 2 cm at 30 C for 5 days. For examination of factors affecting mannitol production and for isolation of mannitol, shake-flask cultures were run. A 0.1-ml amount of a 5-day yeast culture in koji-extract was inoculated into 500-ml shake flasks each containing 50 ml of medium. The flasks were shaken on a reciprocal shaker operating at 140 rev/min with a stroke of 7.5 cm. Fermentation temperature was 30 C unless otherwise stated. Fermentation time is given in the tables.
Analytical methods. After removal of yeast cells by filtration or centrifugation, the cleared fermented broth was analyzed according to the modified Somogyi-Nelson method for reducing sugar (7, 24) (5) , and the method of Neish for polyalcohol (6) . Paper chromatography was performed by the ascending method on Whatman no. 1 filter paper by using a solvent system composed of nine parts (by volume) of methylethylketone, one part of glacial acetic acid, and one part of water saturated with boric acid (21) . Reducing sugar was detected by spraying with aniline hydrogen phthalate reagent (19) and polyalcohol by K104-tetra base reagent (27) . Glycerol and mannitol were fractionated on a celite column and each fraction was assayed by periodate oxidation (6) .
Isolation ofmannitol. After removing yeast cells by ifitration, the cleared broth was concentrated in vacuum at 50 C to syrup. The syrup was extracted with hot 99% ethyl alcohol. The ethyl alcohol extract gave a crystalline product, and pure mannitol was obtained by recrystallization from 95% ethyl alcohol. Mannitol hexaacetate was prepared by the same procedure described in a previous paper (12) .
RESULTS
Survey ofcultures and identification ofa product A total of 45 yeast strains was screened for their mannitol-producing ability. Mannitol production in test tube cultures was qualitatively examined by paper chromatography. Only five strains, isolate T-6, T. versatilis, T. anomala, T. nodaensis, and C. neoformans gave an RF of 0.09, which corresponded to that of authentic mannitol. Polyhydric products and yield obtained in shakeflask cultures of the five strains are shown in Table 1 . T. nodaensis and C. neoformans produced very small amounts of mannitol, whereas the isolate T-6, T. versatilis, and T. anomala produced mannitol at rather good yields of 27, 15, and 14% of the glucose consumed, respectively. (A taxonomic study of isolate T-6 which gave the best yield will be published elsewhere.)
Mannitol was then isolated from fermented broth of strain T-6. A 1.5 g amount of a pure crystalline product was obtained from the broth, which contained 3.6 g of mannitol. The product was identified as mannitol. The melting point was 165 C and was not depressed when mixed These findings provide the first demonstration of mannitol as a major product in aerobic dissimilation of glucose by yeasts.
Substrates of mannitol production. Substrates used by the isolate T-6 for the production of mannitol in aerobic fermentation were studied. Effect of glucose concentration. As shown in Table 3 , 20% glucose concentration gave the best mannitol production with 28% yield based upon glucose used. Glucose concentration of 30% increased glycerol yield and gave the highest yield of total polyalcohols.
Effect of nitrogen sources. Several nitrogen sources were tested for their suitability for mannitol production. When an inorganic ammonium salt was used as a nitrogen source, the rapid decrease in pH of the medium during fermentation might reduce polyalcohol yield (9) . Therefore, potassium citrate-citric acid buffer was added to all media shown in Table 4 . Both c Glycerol, xylitol, and mannitol were separated by paper chromatography on Whatman 3MM paper with a solvent system described in Materials and Methods. The corresponding areas were cut out from paper and the polyalcohols were eluted with water. Each fraction was assayed by periodate oxidation (6) . 
Effect of phosphate concentration. It has been
shown that an excess of inorganic phosphate has a detrimental effect upon the yield of polyalcohol in some yeasts (20, 26) . The effect of phosphate concentration on mannitol yield was studied with modified standard medium in which KH2PO4 content was varied from 0 to 2% (Table   6 ). Even at the highest level used, mannitol yield did not drop.
Effect of aeration. In aerobic fermentation, aeration was necessary for high yields of mannitol. The effect of volume of medium in shake flasks was studied by using flasks containing 30, 50, 100, and 200 ml of the standard medium ( Table 7) . The highest aeration condition with 30 ml of the medium gave the best yield of mannitol.
Effect of temperature. The effect of temperature on the mannitol fermentation is shown in Table  8 . A temperature of 35 C is too high, since yeast growth was small and sugar utilization was very slow. The fermentations at 22.5 and 26 C were similar in mannitol yield. Sugar a Medium: 10% glucose, 0.1% KH2PO4, 0.05% MgSO4-7H20, 0.01% CaCl2*2H20, 0.01% NaCl, and vitamins (biotin, 0.4 jug; calcium pantothenate, 80 ;&g; inositol, 400 jug; niacin, 80 ,Ag; p-aminobenzoic acid, 40,g; pyridoxine hydrochloride, 80,g; thiamine hydrochloride, 80,g; and riboflavin, 40 Ag per 100 ml of medium). Two and one-half ml of a buffer solution consisting of 2.5% citric acid and 10% potassium citrate was added to 100 ml of medium. Fermentation time: 7 days.
b Total polyalcohol yield was expressed as glycerol.
-Relative amount of mannitol and glycerol produced was checked according to paper chromatogram. Effect ofpH ofmedium. The effect of initial pH of the medium on polyalcohol yield was examined by using five media of pH 3.2, 5.2, 6.7, 7.6, and 8.3, respectively. The pH was adjusted aseptically with 1 N HCl or 1 N NaOH solution after sterilization of the standard medium. The yeast could not grow in medium above pH 7.6. Initial pH of 5.2 gave the best yield.
Effect of high concentration of NaCl and KC1. As previously reported, high concentrations of NaCl and KCl greatly enhanced glycerol production in S. rouxii (9) and changed patterns of polyalcohol productivity in P. miso and other yeasts (11) . T-6 was isolated from soy-sauce mashes containing 18% NaCl and showed a high tolerance for salt. A study was made of the effect of high concentrations of NaCl and KCl on mannitol production. As shown in Table 9 , only glycerol was produced in media containing high levels of NaCl or KCI. The phenomenon was analogous to that in D-arabitol and erythritol biosynthesis by P. miso (11) . These phenomena give interesting examples of how high concentrations of NaCl or KCl affect pathways of glucose metabolism in salt-tolerant yeasts. Our previous and present reports showed that yeasts could produce a great variety of polyalcohols of C3, C4, C5, C6, and C7 from pentoses and hexoses: glycerol, erythritol, D-arabitol (10) , and mannitol from glucose; glycerol, D-arabitol, and dulcitol from galactose (14) ; xylitol, mesoglycero-ido-heptitol and D-glycero-D-ido-heptitol from xylose (12); L-arabitol from L-arabinose; and ribitol from D-ribose (13) . Thus, almost all of the polyalcohols commonly found in nature can be produced by yeast metabolism. (8, 10) . We demonstrated another pattern of polyalcohol production in a newly isolated yeast, T-6, which produces mannitol and glycerol in high yield. Important factors affecting mannitol production were found to be concentrations of nitrogen sources and of NaCl or KCl in culture media. At high levels of these components, the yeast produced only glycerol.
